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SUMMARY

A list of rate constants of reactions important in nozzle and rocket
2:zzaust flow fields is given. Rate constants (expressed as functions of
remperature) are either taken directly from the best experiments described
in the literature or estimated by comparison with known rate constants for
similar reactions and with theory. Estimates of probable errors in rate
constants are included, and give the engineer likely to use the rate constants
a feeling for the uncertainties in these numbers.
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I. INTRODUCTION

This report contains 2 list of rate constants compiled at AeroChem for
use in calculations on chemical composition, pressure,and temperature in
nozzles and afterburning exhaust plumes. Spatizl distributions of composition,
temperature, and pressure calculated via computer programs which take account
of departures from chemical equilibrium can be quite different from those ob-
tained when full chemical equilibrium is assumed to be established throughout
an exhaust or when frozen flow calculations are rnade,l and the practical need
for information concerning rates of reactions of species present in nozzles and
exhaust plumes is thus clear. The reactions whose rate constants are listed in
no sense constitute a reaction mechanism for any particular system; the reac-
tions to be incorporated in the reaction scheme for any given calculation must
be selected in the light of the particular characteristics (g;g_.,propellant com-
position) of the system under consideration.

The authors offer the following important observations to the reader:

(1) The 'rate constants'' listed are defined in the manner usually
adopted in descriptions of chemical rate processes. Thus, for example, the
rate constant k of the reaction

A+B—C+D

is defined by

Ry S
dt A'B
All rate constants are expressed in molecule-cm-sec units, which
the authors feel to be the logical units for gas-phase reactions; centimeters
are used more widely by chemists than meters, and reaction rate theories
describe rates in terms of collisions between molecules rather than moles.

All temperatures are expressed in %K and all activation energies in cals/mole.

(2) The rate constants given are based, as far as possible, on experi-
mental measurements. Where no measurements are available (this applies
to a large number of reactions), rate constants are estimated by comparison
with those for similar reactions, allowance being made in the light of collisional
and transition state theories for probable steric, reduced-mass, and cross-
section differences. It would seem difficult to justify a more rigorous approach
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to the estimation of undetermined rate constants at present: despite encourag-
ing recent progress on theoretical calculations, these calculations are not yet

generally reliable. We would suggest that under no circumstances should any

reader make use of a rate constant without considering the comment indicating
the source of our value.

(3) The rate constants given are intended for use in calculations for
systems at temperatures between 1000 and 3500°¢. All kineticists will
appreciate the fact that our expressions of temperature dependences are
greatly oversimplifi.d by theoretical standards; in almost all cases, however,
the experimental data do not warrant use of more complicated expressions.

(4) The upper possible error factor is defined as the ratio of our
estimate of the probable upper limit of the rate constant to our estimated rate
constant k itself at the temperature at which the rate constant is least accurately
lmown. The lower possible error factor is the ratio of k to our estimate of the
probable lower limiting value of the rate constant at this temperature. These
error factors are the result of reasonable semi-quantitative appraisal rather
than detailed statistical analysis of the available data and are intended principally
to give the engineer a feeling for the uncertainty in each rate constant. The
factors are usually considerably larger than the uncertainties attached to their
results by the original experimentors; this is almost always because we have
had to extrapolate available results in*o temperature ranges considerably
different from those of the experiments themselves.

(5) Two difficulties arise in the case of reactions involving third bodies
(e.g., reactions in Groups A, E, F,and G). The first is that different third
bodies have different (and ofien unknown) efficiencies in these reactions; we
have tried to give rate constants averaged for the more effective third bodies
(usually H,O, CO;, N;, HCI, etc.) in a typical exhaust. The deficiencies of
this averaging process are obvious; our defense of its use is simply that the
errors which it introduces are generally small by comparison with possible
errors in the rate constants for individual third bodies. A second difficulty is
that the third body reactions (and their reverse reactions) actually take place
via stepwise processes involving excited molecular or atomic states, and one
should really take account of individual reactions of these states rather than
choose, as we have done, overzll rate constants for overall artificial reactions.
This is unfortunately impossible to do at present. Other formal descriptions
of the chemical kinetic processes occurring in a system (e.g., those in terms of
cross sections expressed as functions of molecular energy rather than in terms
of rate constants expressed as functions of temperature), which in the future
will probably result in solution of this problem, lead at present to even greater
problems. In connection with this difficulty, we should point out that ''collision
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frequencies' referred to in the notes on reactions are really collision fre-
quencies calculated on the assw=ption that all molecules are in ground
electronic, vibrational and rotational states. This misleading terminology is
in common use,

(6) The values of rate constants given are considered to be the best
which can be gleaned from the literature published up to December 1966.

(7) The method of nunbering reactions is that found convenient in
practice at AeroChem (where values for rate constants are frequently updated);
it enables us to keep arbitrarily related reactions in groups.

() The rate quotient law (which states that the ratio of the rate
constant for a forward reaction to that of the reverse reacticn is equal to the
equilibrium constant) is asswmed to hold for all the reactions considered.
Recent theoretical and experiraental evidence of apparent deviations frora this
law (which are the consequences of incorrect descriptions of reactions - see
Ref. 65) have not yet crystallized sufficiently for us to take any other view.

(9) The notes on rate constants are very brief; to acknowledge all the
valuable kinetic work not mentioned would greatly increase the length of the
report and the time required for its preparation.



TP-149

11, LIST OF RATE CONSTANTS

No, Reaction

Al O+0+M O, + ..
Al O+H+ivi OH+...
A3 H+H+wvi Hy+ii
Ad H+OH+ivi H,O+id
A5 CO+O+i COpt:.i
AL OH+CH H,O+0O
Bl OH+H; H,O+H
B2 O+H, OH+H
B3 H+0O, OH+0O
B4 CO+0OH CO,+H
Cl H+Cl, HC1+C1
Cc2 Cl+H; HC1+H
C3 H,O+ C1 HC1+CH
C4 OH+C1 HC1+0O
C5 H+HF H;+F

Cb6 H+F, HF +F
Dl Li+HC1 LiCl+H
D2 Na+HC1 NaCl+H
L3 K+HC1 KCl1+H
D4 Cs+HC1 CsCl+H
D5 Li+H,0 LiOH+H
D6 Na+H,0 NaOH+H
D7 X+H,0 KOH+H
T3 Cs+H;0 CsOH+H
Tzl H+Cl+iv.

HCI+id

Rate Constant, k,
cm -molecule -sec
units

1x107297"1
1x10-%%r-1
1x10 3%

1x10 -2 -1 y
~-4000
T
5%10 29T -% y R
-1000
1x10 ~Me RT
=-55C0 /ry
4X10 Ve /RT

3X10 "Ma H%/RT

3X10 "1%

5x10 13,

7X10 71%

1.sx1070,  /RT

5x10 "
3X10 Me
2x10 "Me
7x10 1%

3x10-10
310 -1%
3x107%°
3x10 10
3x10 Me
3X10-1e
3x10-e
3x10 7,

"16500/RT
_600/RT

-SOOO/RT

-19000/RT
-SOOO/RT
_35000/RT

"3000/RT

-ZOOOD/RT
-AMOOO/RT
-40000/RT
_SIOOO/RT

3x10729T !

Possible Error Factor

UEEer

10
10
5
10
3
5

Lower

10
10

5
10
30

30
30

10

30
30
30
30
30
30
30
30

30
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II. LIST OF RATE CONSTANTS cont'd

Rate Constant, k,

cm-molecule-~-sec Possible Error Factor
No. Reaction units lﬂe_z; Lower
E2 Cl+Cl+M — Cl,+M 3x10 47! 10 10
E3 H+F+M  — HF+M ix10” %! 10 10
E4  F+F4M  — F,+M 3x10 7207 10 10
Fl Li+OH+M — LiOH+M 3x10” %1~ 10 30
F2 Na+OH+M — NaOH+M 3x10"%7 ! 10 30
F3 K+OH+M - KOH+M 3x10” %! 10 30
F4 Cs+OH+M — CsOH+M ax10” %77 10 30
F5  Li+Cl4M — LiCl+M 1x10”%7"" 30 100
Fé Na+Cl+M — NaCl+M 1x10~ %" 30 100
F7 K+Cl4M — KCl+M 1x10~ %1 30 100
F8 Cs+Cl+M — CsCl+M 1x10" %™ 30 100
Gl Lit+e +M — Li+M 2x10 21" 3 3
G2 Na'+e +M — Na+M 1.5x10 21 ? 3 3
G3 K +e +M — K+M 2x10” %7 3 3
G4 Cs +e +M — Cs+M ax10” 277t 5 5
H1 Lit+clT - Lital ax107 7T "¢ 10 100
HZ  Na +Cl° — Na+Cl 2x10” T " 10 10
H3 K +c1© - x+0H 1x10781 "7 10 100
H4 csT+clT — cs+al 3x10 T "’ 100 100
H5 LiT+OH™ — Li+OH 1x10” T3 10 100
H6 Na +OH™ — Na+OH 1x107 "3 10 100
HT ktton~ = k+oH 1x10” 7T "? 10 100
HS Cs +OH™ — Cs+OH ix10” T %"° 10 100
71 OHte +M — OH +M 3x10~%° 30 30
72 Oyte +M — O, +M 3x107° 10 10
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II. LIST OF RATE CONSTANTS cont'd.

Rate Constant, k,

cm-molecule -sec Possible Error Factor
No. Reaction units UEEer Lower
J3 Cl+e +M — Cl +M 3x10°% 30 30
- - -20000 /g T
h HCl+e — H+Cl 1310 "% 300 10
J5 C+e +M - O +M 3x10 % 30 30
-50000
Ll LinO++.M —~ LiTtH,0+M 1X10-% /RT 30 30
L2 NaH,0 +M  — Na +5,0+M 1x107% 30 30
- 20000
L3 KHZO++ M - 1<++:-1,_o+M 1X10 "% /RT 30 30
M1  LiH,0 +e - Li+H0 1x10 -7 10 30
M2  NaH,O'+e” ~ NatHO 11077 10 30
M3  KH,O'+e~  — K+H0 1x10 -7 10 30
N1 Limot+cl” ~ Li+CliH,0  1x1077 10 100
N2 Nal,07+C1T — Na#Cl+H0 1x1077 10 100
N3 KH,0T#C1T — X+4Cl+K0  1x1077 10 100
N4  LiH,0+OH~ — Li+OH+H0 1x10-7 10 100
N5  NaH,O +OH™ — Na+CH+H,0 1x10~7 10 100
N6 KH,0 +OH ™ = K+Ou+H,0 1x1077 10 100
o1 O+Cl+M - ClO+M 2x10-3%9T -1 30 30
-3000/RT
o2 Li+Cl10 — LiCl+O 2Xx10 1% 10 100
-3000/RT
o3 Na+ClO — NaCl+0 2x10~1% 10 100
-3000/RT
c4 K+Cl0 - KC1+0 2x10 1% 10 100
c5 H+C10 — HC1+O 3xi0-1 30 30
-3000/RT
06 O+Cl0 - 0,+Cl1 2x10"e 30 30
o7 OH+C10 — HO,+Cl 5x10 19 2 100
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II. LIST OF RATE CONSTANTS cont'd

Rate Constant, k,

cm-molecule-sec Possible Error Factor

No. Reaction units Upper Lower
Pl Li+0,+M LiO;+M x10-39T ! 10 10
P2 Na+Oz+M NaO;+M 1x1073T ! 10 10
P3 K+0,+M KO,+M 1x10730T ™! 10 10
P4 Cl+LiO, LiCl+0O, 2x10°1 50 30
P5 Cl+NaO, NaCl+0, 2x10°1! 50 30
P6 Cl+KO, KC1+0, 2x10°1? 50 30
) ) 1 '1°°°°/RT
P7 H,+LiO, LiOH+OH 1x10-!e 50 50
P8 H,+NaO, NaOH+OH 1x10°4 50 50
. -1t -IOOOO/RT
P9 H,+KO, KOH+OH 1x10 "¢ 50 50
Pl0  OH+LiO, LiOH+0O, 2x10"1 50 30
Pll  OH+NaO, NaOH+O, 2x10-M 50 30
Pl2  OH+KO, KOH+O, 2x10-1 50 30
Q1 H+0,+M HO,+M 3x10~3%T ! 5 5
Q2 Cl+HO, HC1+0, 2x10-1 50 30
Q3 H+HO, OH+OH 1x10 10 10 10
Q4 H+HO, H,+0, 3x10~1 10 10
} -1 -ZSOOO/RT
Q5 H,+HO, H,O+O0OH 1X107% e 50 50
. -1 _IOOOO/RT
26 CO + HO;, CO,+0H 1X10 "2 100 100
Q7 O+HO; OH+0, 1x1071 100 10
Qo OH+HO; H,0+0, 2xi1o~1 50 30
Rl CHO+O CO+0OH 1x10-1! 30 30
R2 CHO+OH CO+i,0 1x10 1! 30 100
R3 CO+H+M CHO+M 3x10-%9T 1 10 30
R4 CHO+H CO+H, 1x10°1 30 100
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II. LIST OF RATE CONSTANTS cont'd.

Rate Constant, k,

cm-molecule-sec Possible Error Factor
No, Reaction units Upper Lower
Sl Cl+OH+M — ClOH+M 3x10-¥9T7 ! 30 30
S2 ClOH+H — ClO+H, 1x10-%t 100 100
S3 CIOH+OH ~— ClO+H,0 1x10-1! 100 100
S4 ClOH+O — ClO+0OH 2x10"1 100 100
T1 CHy+OH —~— CO+H,0 5X10 "1t %/RT 5 5
T2 CH4OH - H,0%te +CO, sx1071T, /BT 10 10
T3  CH+O —~ CHO +e” 5x10"12 10 10
T4  CHO'+H,0 — H;0T+CO 110" 5 5
Ts  H0T+Li - Lit+H0+H  1x10° 5 5
T6  Hi0 +Na — Na +H,0+H  1x107 5 5
T7 H3O++K - K++HZO+H 1x10 "8 5 5
TS  H,0'+Cs — Cs +m,04H  1x107° 5 5
T9  Hy0 +e” — H+H+OH 2107 1.5 1.5
T10 H,0 +C1° - H+OH+HCI 3x10 72 10 10
T11 HsO0 +OH ™ = H+OH+HO 8x10 "8 10 10
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III. NOTES ON RATE CONSTANTS

Fricirom anl Westenberg’ recommend the work of Morgan and Schiff?
as the only unambiguous work on direct recombination. For M= N,
thesg~ authors give ky) = 3%1073 at room temperature, which might
suggest kyj = 10™°T "1, Shock tube studies*~’ on thé reverse reaction
would imply that kx5 ; should be much larger, and suggest that the T!
temperature depencdence is reasonable in the range 1500 < T < 3500,
Note that dissociation rate constants given in Refs. 5,6, and 7 agree
quite well with each other and have pre-exponential factors some 100
times larger than the collision frequency. The recombination rate
constant given’ implies a pre -exponential factor in the rate constant
for the dicsociation reaction of only 10 times the collision frequency.
Discrepancies could perhaps be explained in terms of deviations from
the macroscopic rate quotient law. The value of k 4, given seems a
rzasonabie compromise for an "average' third-body M.

It appears that no experimental work has been done on this reaction.
The rate constant given is estimated by comparison with rate constants

for other reactions in Group A.

Work reported in Ref. 2 suggests, for various third bodies,

kyq =3 X 1079771 (M= H)
ky3=1X107%9T7 (MZ H,)
lyg =4 X 107307 ! (M= rare gas atom)

kpgz ~1 X 10727T7! (M = H;0)

The direct measurements a.vaila.blez, however, are in considerable
disagreement, and shock tube measurements on the reverse reaction

are also diificult to interpret’. The value given is in reasonable agree-
ment with Refs. 8 and 9, which describe the most convincing experiments.
It implies a pre-e>morentizl factor in the rate constant for the reverse
reaction of several hundred times the collision frequency. Our practice
of listing rate constants for ''average' third bodies is open to consider-
able doub: in this case; H;O z2ppears to be very much more efficient

than H,, for example.

Little reliable data is available for this reaction. The agreement between
independent valuzs of Kag obtained by Bulewicz and Sugdenm and by
McAndrew and Wheelerll, for example, is fortuitous in view of the lack
of distinction between contributions from
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III. NOTES ON RATE CONSTANIS cont'd.

H+H+HZO "H20+H2
and
H + OH + Hz - Hzo + Hz

in the formeér work. Schott and Bird® appear to have obtained a
reasonably reliable value, however, and the wide error limits
suggested above reflect uncertainties in third-body efficiencies.
The rate constant given corresponds to a very large (~3 x 10°7)
pre-exponential factor in the reverse reaction.

The surprising exponential term is suggested by the work of Clyne
and Thrush!? at temperatures lower than those encountered in rocket
exhausts. At 2000°K, the exponential term does not carry a great
deal of weight by comparison with the uncertainities in the rate
constant as a whole. Zeegers' work'® suggests that O, has a very
high third-body efficiency in this reaction (kAS"l'Z x 1073 for M =
O, at 2350°K) but that CO, is inefficient {(kyg~2.4x 107 for M =
CO, at 2350°K). The value of kAS listed is probably an upper-
limit value.

This value is taken from the work of Kaufman and del Greco's,
Work on the reaction is reviewed by these authors.

Fristrom and Westenberg® recommend a rate constant for the
reverse of Reaction Bl of 8.3 x 10711e~2%/%%/RT,and an equilibrium
constant of 0,21 e'®7%/RT. These figures correspond to kg, =
1.75 x 10~11e"%%/R T, Dixon-Lewis, Sutton, and Williams!® suggest
that the reverse reaction rate constant is 1.5 x 10"°e'z°‘°°/RT,

and hence kBl = 3x10"Be"%9%/RT. However, the results at
higher temperatures (see Ref. 2) do suggest a somewhat higher
activation energy for each reaction. The rate constant given above
agrees with that obtained by the various workers at about 900°K,
but is slightly preferable for the temperature range (1000 to 3500°K)
of interest. It is also in good agreement with the value given
recentlym by Dixon-Lewis, Wilson, and Westenberg.

Fristrom and Westenberg® suggest kBZ = 2 x1071e-C%/RT, but

their estimate is perhaps rather too heavily weighted in favor of
the results of Clyne and Thrush!?, and the results in Fig. XIV-20
of Ref. 2 themselves suggest a somewhat lower activation energy.
The rate constant given above is in fair agreement with the results
of Wong and Potter'® and of Kurzius'? and seems a fair compromise.

10
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B4

III. NOTELES ONN RATE CONSTANTS cont'd

This reaction has becn studied over a very wide range of tempera-
tures?, Fristrom and ’~.'.7<:stenbergZ recorumend a rate constant of
3.7 x 1071% 16509/ RT, urzius'? finds kpy = 2.0 X 1071% TH200/RT,
It is difficult to see how this rate constant can be greatly in error
in the temperature rangc of interest.

Analysis of earlier rzsults by Fristrom and VVe stenberg?® led these
authors to suggest a rate constant of about 13X 10 Me "% /RT for this

®  however, suggest that such an

reaction. ivore recent results'® >
activation energy would be far too high; we have adopted the value
given by Dixon-Lewis, 17ilson,and We stenberg16 as the best available

at present.

The rate constant given was estimated by Fristrom and Wes’cenbergZ
on the basis of results obtained by Klein and ‘i‘folfsbergu.

The estimates of this rate constant given by Fristrom and ‘4\/'estenbt':rgz
and by Fettis and Knox?® are in good agreement with one another. The
rate constant given above is based on these two estimates.

This rate constant is estimated by comparison with that for the reverse
of C1, due allowance being made for a steric hindrance factor and for
an activation energy 4000 cals/mole greater than the endothermicity,

The rate constant given is estimated by comparison with that for
OH +H — Hp + O(k = 1,3 X 1071 "83%/RT), Each of these reactions is

spin allowed and approximately thermoneutral.

This rate constant is the result of an experimental study of the kinetics
of decomposition of HF by Jacobs, Giedt, and Cohen®!'. Note that the
pre-exponential factor in the rate constant for the similar reaction

H + HCl — H, + Cl (reverse of C2) is® 1.0 X 107!°, which is somewhat
higher than that in kCS' :

This rate constant is estimated by comparison with ks. The pre-

exponential factor is approximately equal to the collision frequency.
The reaction, like Cl, is strongly exothermal.

11



TP-149

III. NOTZS CN RATE CONSTANTS cont'd

This rate constant is estimated by comparison with those of D2 and
D3, the bond energy of LiCl being known.**

This estimate is based on measurements made by Polanyi®* in 1932;
no recent measurements appear to be available. However, Kondratiev
reports results of Taylor and Datz?® which suggest that the rate constant
of the reaction

25

K + HBr = ..Dr + H; AH = ~4000 cals/mole

is given by

k = 3.0 X 10-12T0.5¢ =300/ RT

or, at 1600°K, by

k=1.2X10"10"#0/RT,

In the experiments of Taylor and Datz, 500<T<300%°K, These results
and others®® suggest that the pre-exponential factors of rate constants
of reactions like D2 are close to the collision frequencies, and the
rate constant for D2 given above stems from adoption of this sugges-
tion. Taylor and Datz used a molecular beam technique; the early
work suffers from uncertainties concerning the possible effects of
solid particles, #

This rate constant alsc is based on the work of Pola.nyiM and the dis-

cussion given by Kondratiev, 25

The rate constant recoimmended is based on a comparison of D4 with
D2 and D3, the bond energy of CsC1?? being borne in mind.

This rate constant was estimated on the basis of arguments given by
Sugden27 and experimental evidence obtained by Jensen?® and Jensen
and Padley,?? The activation energy is estimated through reference
to the work of Jensen and Padley; % 3000 cals/mole are arbitrarily
added to the known®® endothermicity.

12
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III. NOTES ON RATE CONSTANTS cont'd

D6, D7, Ds

Estimated in a manner similar to that in which kDS was obtained.

El No experimental data appear to be available for this reaction. The
value given for kg is estimated through comparison with rate con-
stants for other ternary reactions, including E3.

=2 The work of Jacobs and Giedt®® suggests a rate constant smaller by
a factor of 10 than that given in Section II. Hiraoka and Hardwick®,
on the other hand, find that k_, =7 X 1073 at 1600°K for argon as

a third body. This would correspond to our value for molecular
third bodies, assumed to be 3 times as efficient as Ar. Fristrom
and Westenberg? suggest why the results of Hiraoka and Hardwick
are to be preferred to those of Jacobs and Giedt.

=3 This rate constant has been measured® with Ar as third body in the
temperature range 4000<T<5300°K. The results obtained could be
described in terms of k- =5 X 10723971 but the scatter of
results was rather large. ~ Multiplication of kE3,Ar by 5 to allow

for greater efficiency of molecular third bodies would give kp3 =

2.5 X 107287 "l This seems rather high, however, and the value
given in Section II is preferred as a comproimise until further work
is done. Note that the experimental rate constant found by Jacobs,
Giedt and Cohen® is of the same order of magnitude as that predicted

by Benson and Fueno®®.

L4 The rate constant for this reaction is based on the work of Johnson
and Britton®? and Diesen®, who studied the dissociation of F,; by Ar

in shock tubes. The temperature-dependence given corresponds
approximately to that found for the reverse of reaction E4 by Johnson
and Britton; that suggested by Diesen's work appears improbably
high. Allowance is made for molecules in rocket exhausts being more
efficient in producing dissociation than Ar atoms. Note that the pre-
exponential factor in the rate constant for the reverse of Reaction E4
is considerably smaller than those of corresponding rate constants
for the other halogens, %

Fl This is a very high rate constant, although certainly not the highest
ever suggested for a ternary recombination reaction--see, for example,
Ref. 11, Combination of theoretical arguments of Sugden27

13
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III. NOTES ON RATE CONSTANTS cont'd.

and experimental results of Jensen and Padley??’3? and Bulewicz and
Sugden" shows that the rate constant for the reverse of Reaction

Fl cannot be much smaller than 6 x 10-4T-1g~101000/p T  and that

kFl therefore cannot be much smaller than 10-27T-!,  (The
equilibrium constant for reaction Fl is approximately 1.6 x 10
el°l°°°/RT.) The value of kFl recommended above seems a reason-
able compromise: it is not much smaller than 10-¥7T=! and not
much greater than the rather high rate constant for the formally
similar Reaction A4.

-24

r2, F3, r4

Estimated in a manner similar to that in which kFl was obtained.

No experimental data are available for this reaction. The rate
constant kp.g is perhaps likely to be somewhat smaller than that
for Reaction Fl (the collision is less 'sticky''--note that kgj <
ka4). The value given above is (for no particularly good reason)
the geometric mean of kg, and kg The error lirmits quoted are
consequently very large.

ré6, £7, F8

Estimated in a manner similar to that in which sz was obtained.

This rate constant was calculated from measurements on the reverse
reaction by Jensen and Padley29'35 at 2475°K. The temperature
dependence is assumed to be the same as that of kaye All
molecular third bodies are assumed to have equal third-body
efficiencies in G12%:35; atomic third bodies are less efficient.™

Jensen and Padley??,?® measured the rate constant of the reverse
reaction at 202Q to 2450°K at atmospheric pressure in HZ/N,/OZ
flames and calculated kG = 1.4 x 10°%°T-2, Hollander, Alkemade,
and Kalff’?, using CO/NjOz flames in a similar (but narrower)
range of temperature, find k = 1.6 x 10°2°T~%, Molecular third
bodies tend to have approximately equal efficiencies in this reaction,
but atomic third bodies are much less efficient’®,

This rate constant was calculated from measurements on the reverse

reaction by Jensen and Padley?®; 3%, The corresponding value for
atmospheric-pressure CO/N,/O; flames is 1.5 x 10°22T-1. 3,

14
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III. NOTES ON RATE CONSTANTS cont'd.

This rate constant was calculated from measurements on the reverse
reaction by Jensen and Padley?”: 3%, Hollander, Alkemade and Kalff’’
find 2 much smaller rate constant (2 x 1673T-!"5) in CO/N/ O,
flames. Jensen and Padley's results are preferred (a) because

two independent analytical techniques (optical emission spectroscopy
and microwave cavity resonance) gave the same rate constant--
within the limits of experimental error--in their work, and (b)
because the order of magnitude of their results is consistent with
equilibrium ionization of cesium being closely approached under
conditions employed by other workers®’~%°, whereas that of
Hollander, Alkemade, and Kalff's results is not.

This rate constant is estimated by comparison with kiyo and kys.

It may be noted that the above value of k 1 corresponds to a rate
constant for the reverse reaction of 4 x 1(5-I =105-34000/p T at 2000°K:

the pre-exponential factor of the reverse reaction rate constant

is thus close to the collision frequency. It should also be borne

in mind that uncertainties in crossings of potential energy curves

cause one to doubt the validity of our simplified approach to the
determination of Group H rate constants, We have implicitly

assumed, for example, that for Reaction Hl the potential energy curves
involved are favorably placed with respect to one another,

An approximate value for this rate constant was measured by
Hayhurst®? and is discussed by Hayhurst and Sugden‘n’ 42

Note that Baulknight and Bortner® estimate the following
theoretical rate constants:

5.5 x1077"¢% 3

8.4x1077770%3

+ -

C +0 —0O+0 k
+ -

N +0 —-— N+©O k

Comparison with these estimates led us to insert a T-% % temperature
dependence in keros Sugden** reports that the measured temperature
dependence is slight.

This rate constant was measured by Hayhurst®’ and reported by
Sugden and Hayhurst®, TFor the origin of the temperature dependence

of kH3’ see the note to Reaction H2.

This rate constant is estimated by comparison with rate constants
for Reactions H2 and H3. See also the note to Reaction HI.
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III. NOTES ON RATE CONSTANTS cont'd

IS5 This rate constant is estimated by comparison with ki;; and the rate
constants*? suggested for the reactions

ot+o"—~0+cC Kk =5.5x10-TT=0-3

1]

+ - -
N +0 —N+O k=03.4x1077T%53
Our estimate implies that the pre-exponential factor of the reverse
reaction rate constant is close to the collision frequency.

6, H7, H3
Estimated in a manner similar to that in which kHS was obtained.

J1 This rate constant is taken to be the same as that for Reaction J2.
It is difficult to justify this assumption, but equally difficult to
suggest a better means of estimating kJ’l on the basis of present
knowledge.

J2 The value of ky, given is based on measurements made at about
500°K by Pack and Phelps®’:*¢, These authors found that kj,
increased slightly with increasing temperature, which is perhaps
contrary to what one raight expect. We have used a temperature -
independent value for 1000 < T < 3500°K. The data on third-body
relative efficiencies are meager; Pack and Phelps find that HO

is about four times as efficient as O, in Reaction J2. For a review
of attachment of electrons to O, see Ref. 47,

_.1_3_ This rate constant is taken to be the sarae as that for Re action J2.
J4 This rate constant was estimated by Calcote and Jensen®® on the

basis of collision cross-section datr obtained by Buchel'nikova 9,
Note, however, that recent results of Fehsenfeld, Ferguson, a_nd

Schmeltekopf suggest that the reaction inay be considerably faster®?,

J5 Estimated in 2 manner similar to that in which 1‘33 was obtained.

L1 This rate constant was estimated by Calcote and Jensen?® on the basis

of results obtained by Hayhurst®:* and Hayhurst and Sugden??,
L2, L3
Estimated in a manner similar to that in which kLl was obtained.

e | This rate constant is estimated by comparison with the known rate
constant of Reaction T9,
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1II, NOTES ON RATE CONSTANTS cont'd.

M2, M3
Tstimated in a manner similar to that in which k-v p was obtained.
LV
1 Zstimated by comparison with preliminary values for the rate

constants of the reactions
+ —~—

H3;O + CX — neutral products,
+ -

HiO + Cl — neutral products

measured by Calcote and Yurzius®?,

N2, N3, N4, N5, N6

Tstimated in a manner similar to that in which kNI was obtained.

Cl This rate constant is estimated by comparison with the values of
kyy and k~,.
o2 The pre-exponential facior in ko, is thought likely to be close to the

collision frequency. -\n arbitrary activation energy of 3000 cals/mole
has been inserted (the rcaction is 52 kecals/mole exothermic) as a
result of comparison with other bimolecular reactions.

03, 04
Tstimated in a rmanner similar to that in which kOZ was obtained.

This rate constant is estimated by comparison with kBZ and kC4'

This reaction is thought by Kaufman® to be rapid at room tempera-
ture, which would imply that the activation energy is small, V/e have
arbitrarily set the activation energy equal to 3000 cals/mole., Corm-
parison of this reaction with

12 18

Cii +0 — Oy + I

would suggest a pre-c:ponential factor of about 2 X107,

o7 The rate constant for the reverse reaction of O7 is estimated by
comparison with the rate constant of 23; both these reactions proceed
with essentially zero activation energy. Note that the ratio of the rate
constant of the reverse of Reaction O7 to ki has been set equal to
3:1, which is also the ratio of the rate constants of
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III. NOTES ON RATE CONSTANTS cont'd,

H + HO, — OH + OH or H,0 + O
and
B +HOZ - HZ + Oz

o p— <
according to Clyne and Thrush®’,

21 Estimated by comparison with kpj.
P2 This rate constant is estimated from the work of Carabetta and
Kaskan®, who found values of k > ranging from 6.0 x 1073 to
8.2 x 1073 over the temperature range 1540 < T < 1730. This
work was done on clean Hg/CO/air flames at 100 Torr.
P3 Estimated by comparison with kp,.
P4, P5, P6
Estimated by comparison with kQ4.
P7, I°8, P9
Estimated by comparison with kng.
P16, Pl
Estimated in a marner similar to that in which kng was obtained.
Cl This reaction has been quite widely studied. Getzinger and Schott 37
found kgy = 3.9 x 1077 for M I Ar at 1500°K in a shock tube,
Clyne and Thrush®, using a fast flow discharge system, found
Koy = 35 x 10732 at 225%K, k = 40 x 10-% at 244°K and kg) = 22 x107%
at 293°K for MZ Ar. Baldwin® gives values obtained from second
explosion limit studies; fov Ar = M, ko) = 4.7 x 10-3 at 813°K,
and for H, = M, kp; = 23 x107% at 813°K.  Kurzius'’ found
le = 30 x 1073 at 800%¢ for M = H; in his first explosion limit
studies. The value given in Section II for a ''general” third body
thus seems fairly reliable,
Q2 This rate constant is estimated by compariscn with kQ‘}.

18
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III. NOTES ON RATE CONSTANTS cont'd.

This rate constant was estimated by Dixon-Lewis and Williams®>?

to be 1.1 x10-!'% at 500°K, on the basis of data from several sources.
One might note that the species H and HO, are thought to produce
H,O and O at a small proportion of collisions.

12

This rate constant is estimated by comparison with 33 Clyne and
Thrush®® obtained a value of 3+l for the ratio of the rate of chain
propagation to the rate of chain breaking in the reaction between

H and HOz.

lD
%S

Q5 The rate constant of the reaction between H, and HO, was estimated
by Dixon-Lewis and Williams®® to be 2.2 x 107! at 500°K. These
authors made use of data from several sources. This estirmate is
some 50 times greater than that made earlier by Voevedsky and
Tal'rose,®® who suggested k. _ = 2 x 1071324000/ T It is important
to note that the reaction is t:ought  to lead to H,0, + H rather -
than to H,O + OH, as written above. Ve have elected toc eliminate
H,O; from our programs as a result of its relative unimportance

as a reaction intermediate in high-temperature environments. The
overall reaction Q5, as we write it, is satisfactory for the purposes
of our programs,

Q6 This rate constant is estimated by comparison with kg4 and ko s-
Reaction Q6 is thought by Baldwin and others® to be important at
temperatures as low as 500°C, which in itself argues against an
activation energy muck higher than 10, 000 cals/mole. '

Q7, Q8
Estimated by comparison with kng-
R1 Estimated in a manner similar to that in which kRZ was obtained,

R2 No quantitative data are available for this reaction. The rate constant
given is estimated by comparison with kB4' kﬁG’ and the rate
constant for the reaction =

CHO + H,0 = CH,0 + OH

given by Avramenko and Lorentso®’,

R3 No quantitative data are available for this reaction. The rate constant
given is estimated by comparison with kpgq and kps.
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III. NOTES ON RATE CONSTANTS cont'd.

R4 Estimated in a manner similar to that in which kg, was obtained.
S1 Estimated by comparison with kOl'
S2, S3, 4

Estimated in 2 manner similar tc that in which kRZ was obtained.

T1 This "rate constant'' is based upon the recommendation of Wilson and
Westenberg“ for the rate constant of the reaction between CH, and OH
and on the arguments presented by Calcote and Pergament® for use of
an artificial overall reaction for oxidation of methane,

T2 The artificial overall ''rats constant' was estimated by Calcote and
Pergament,

T3 The value given for k;[‘3 is a compromise between theoretical values of
3X 10712 and 1 X 107! reported by Green and Sugden® and by Calcote®,
respectively, .

T4 This rate constant is based on arguments put forward by Calcote®®,

_T_5 This rate constant is estimated by comparison with k‘I‘é‘

T6 Hayhurst and Telford%? measured this rate constant in the range
1800 < T < 2500°K, They observed little significant dependence of kpg
on temperature.

T7, T8
These rate constants are estimated by comparison with kp..

T9 This rate constant has been measured by several workers; the most
up~-to-date value is given by Calcote, Kurzius and Miller®,

T10, T1ll

These preliminary values for kpyg and ko) were measured by Calcote
and Kurzius®, v
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